Background. The aim of this experimental study was to investigate the role of apigenin in liver apoptosis, in an experimental model of hepatic ischemia-reperfusion in rats. Materials and Methods. Forty-eight Wistar rats (apigenin and control groups), 14 to 16 weeks old and weighing 220 to 350 g, were used. They were all subjected to hepatic ischemia by occlusion of the hepatic artery and portal vein for 45 minutes and reperfusion was followed for 60, 120, and 240 minutes. Apigenin was administrated intraperitoneally. Liver tissues were used for the detection of apoptosis by TUNEL assay and caspase 3 antibodies. Expression analysis of Fas/FasL genes was evaluated by real time PCR. Results. The expression analysis of Fas and FasL genes was increasing during reperfusion (significantly in the group of 240 minutes of reperfusion). It was in the same group that apigenin decreased Fas receptor levels and inhibited apoptosis as confirmed by TUNEL assay and caspase 3 antibodies. Conclusions. The effects of apigenin in the Fas/FasL mediated pathway of apoptosis, in the hepatic ischemia-reperfusion, seem to have a protective result on the hepatic cell.
Introduction
Ischemia-reperfusion injury is a phenomenon whereby cellular damage in a hypoxic organ is accentuated following the restoration of oxygen delivery. It affects oxygen-dependent cells of tissues and organs such as heart, brain, liver, kidney, and intestine [1] [2] [3] . In liver surgery, there are clinical situations where the ischemic periods can be particularly long, such as during the resection of large hepatic tumors, management of hepatic trauma of diverse origins, vascular reconstructions, and liver procurement for transplantation [4] [5] [6] .
In the ischemic phase, anoxic injury of oxygen-dependent cells is clearly the predominant injury process. Once the blood flow and oxygen supply are reestablished, reperfusion enhances the injury caused by the ischemic period, aggravating the damage caused at the cellular level, as an injurious inflammatory response is also involved. This cell injury occurring in the reperfusion phase may either be a consequence of cellular alterations that were already initiated in the ischemic phase or may result from the inflammatory response [7] . The severity of cell injury can lead to either hepatocyte necrosis or apoptosis [8] . In order to protect 2 BioMed Research International the hepatic parenchyma from ischemia-reperfusion injury, research continues to focus on the elucidation of the exact mechanisms of apoptosis.
In the liver, the death receptors Fas, TNF receptor 1 (TNF-R1), and TRAIL receptor 1/2 (TRAIL-R1/2) are major mediators of the apoptotic pathway. Upon stimulation by their ligands, FasL, TNF-, and TRAIL, respectively, the death receptors oligomerize and recruit different adaptor proteins which activate the initiator caspase 8. Fas is constitutively expressed by every cell type in the liver. Its ligand, FasL, is mainly expressed as a transmembrane protein on the cell surface of activated cytotoxic T lymphocytes. Kupffer cells also express FasL in response to engulfment of apoptotic bodies [9] .
Independently of the apoptotic pathway, the first morphological changes appear at the cell membrane. In an interval of 1 to 3 hours, cell to cell adhesion decreases and either the cytosolic or mitochondrial proteins are altered resulting in nuclear changes. The ultimate determinant of apoptosis is an intranucleosomal DNA fragmentation [10] . As the biochemical hallmark of programmed cell death is initiated by the caspase cascade that ultimately leads to DNA fragmentation, both caspase activation and DNA fragmentation need to be demonstrated to establish if a cell has undergone the process of apoptosis [11] .
The TUNEL assay is based on the specific binding of terminal deoxynucleotidyl transferase (TdT) to 3 = -OH ends of fragmented DNA. Following proteolytic treatment of histological sections, TdT incorporates X-dUTP (X-biotin, DIG, or fluorescein) at sites of DNA breaks. Termini modified nucleotides amplify the signal and allow the examination of labelled cells under microscopy, flow cytometry, or immunohistochemistry [10] .
On the other hand, as caspases are essential effector molecules of apoptosis, assaying for cleaved caspases offers the detection of apoptosis in early stages. Monoclonal antibodies are available against all the caspases for immunohistochemistry, ELISA, and even some for flow cytometry (i.e., active caspase 3) [12] .
Each method that is able to detect and verify apoptosis has advantages and disadvantages, and it is best to confirm apoptosis with multiple complementary techniques [12] .
Inhibition of apoptosis seems to improve hepatocyte survival and prevent reperfusion injury. Several substances that modulate apoptotic processes have been used in order to protect the hepatic parenchyma. Apigenin, one of the most common flavonoids, known for its antioxidant and antiinflammatory properties, has been studied for its possible protective action in ischemia-reperfusion injury [13] [14] [15] [16] . The aim of this experimental model of ischemia-reperfusion in rats was to investigate the effects of apigenin on the expression of Fas/FasL apoptotic pathway.
Materials and Methods

Animals and Experimental
Protocol. Forty-eight Wistartype rats, aged between 14 and 16 weeks and weighing 220 to 350 g, were used. All experiments described were performed according to the European Union's guidelines for the ethical treatment of experimental animals. Rats were randomized in eight groups and anesthetized by using diethyl ether and sevoflurane. After laparotomy they were all subjected to hepatic ischemia by occlusion of the hepatic artery and portal vein for 45 minutes using atraumatic micro vascular clips. Apigenin (5 mg) was administrated intraperitoneally in solution of 0.3 mL NaCl 0.9% and 0.2 mL dimethyl-sulfoxide solvent (DMSO) [17] . A dose of 15 mg per kilo of body weight was administrated. Reperfusion was followed for 60, 120, and 240 minutes (three groups named AP60, AP120, and AP240, resp.). The same number of rats was used as control groups subjected only to ischemia and reperfusion for the respective times (C60, C120, and C240). In two more groups of animals, a sham operation of open-close laparotomy (group C) and a sham operation using solution of 0.3 mL NaCl 0.9% and 0.2 mL DMSO intraperitoneally (DMSO group) were performed. After completion of the reperfusion time, all animals were euthanized and liver tissues were used for the detection and expression analysis of Fas and FasL genes by real time PCR. The terminal deoxynucleotidyl transferase-dUTP nick end labelling, TUNEL assay, and the use of caspase 3 antibodies were also performed in all liver tissues, in order to confirm apoptosis.
Measuring the Expression of Fas/FasL
Genes. Liver tissues were subjected to homogenization by using a solution of phenol-guanidine and chloroform, and the RNA samples were isolated. These isolated samples, after elaboration with deoxyribonuclease I, in order to remove the residues of DNA, were first reverse transcripted to cDNA with reverse transcriptase, and then the mRNA quantity of each sample was measured using real time polymerase chain reaction (RT-PCR). The whole process took place in a Light Cycler MX3005P using the SYBR MM QPCR Brilliant mix (Stratagene) as fluorescent reporter.
The expression of Fas/FasL was calculated by comparing the amplification plots with the method of MaxPro QPCR Software Version 3 (Stratagene). Analysis of relative gene expression data was performed according to the 2 −DDCT (Livac and Schmittgen 2001) using -actin as an endogenous reference gene and cDNA from total rat brain extract as a control reference sample.
Detecting Apoptosis by Immunohistochemistry.
Paraffin embedded tissue samples from liver tissue were available for all animals. Unstained slides were obtained for the detection of apoptosis using the monoclonal antibodies caspase 3 (Santa Cruz Biotechnology, Inc., USA) and TUNEL reaction mixture (Roche Applied Science, Germany). Tissue specimens were fixed in formalin and embedded in paraffin according to standard histological procedures. Four-micron sections (4 m) of representative blocks from each case were deparaffinized, rehydrated, and treated with 0.3% H 2 O 2 for 5 min in methanol to prevent endogenous peroxidase activity and were immunostained by the peroxidase method (Envision System, DAKO, Carpinteria, CA, USA). Slides were then incubated for 60 minutes with the antibodies caspase 3 at a 1 : 200 dilution. Control slides were incubated for the same period with nonimmunized rabbit serum (negative control). A positive control was always run in the assay.
Slides for TUNEL method were incubated for 75 min with the TUNEL reaction mixture (Roche Applied Science, Germany) according to the manufacturer's protocol. Control slides were incubated for the same period with 50 L label solution (negative control).
Finally, bound antibody complexes were stained for 10 min with 0.05% diaminobenzidine. Sections then were briefly counterstained with Mayer's haematoxylin, mounted, and examined under a Nikon Eclipse 50i microscope. The expression of antibodies was cytoplasmic or nuclear.
The positive expression of caspase 3 and TUNEL was determined by counting the number of stained cells (cytoplasmic or nuclear localization). Sections with greater than 10% stained cells were considered positive (0: negative; 1: low; 2: moderate; and 3: high expression). The average labeling index of caspase 3 and TUNEL was assessed according to the proportion of positive cells, after scanning the entire section of the specimen. The results of expression were graded as negative (0) for <10% of stained cells, low (1) for >10% and <30% of cells stained, moderate (2) for >30% and <70% cells stained, and high (3) for >70% cells stained.
Statistical Analysis.
Statistical analysis of data was performed using SPSS (Statistical Package for Social Sciences) v.14.0. All values were expressed as the mean ±1 for statistical error. The statistical evaluation of significantly different levels of Fas/FasL was obtained using the Student's -test, while the equality of the means of the several groups was provided by analysis of variance (ANOVA). All statistics tests were subjected to a two-way analysis and values <0.005 were considered statistically significant.
Results
Levels of Fas/FasL proteins in every sample were calculated by comparing the amplification plots as they resulted from the program of Real Time PCR MxPro.
Controlling the amplification plots, negative control samples, that is, samples without reverse transcriptase, were not multiplied confirming the reliability of the experiment (Figure 1) .
In order to check the absence of solvent's toxicity, the comparison of Fas protein levels in group C (sham operated rats) and group DMSO (sham operated rats with use of solvent DMSO intraperitoneally) was performed first. The difference of Fas levels in these two groups was not significant ( = 0.627). The same result aroused for the FasL levels when they were compared in the same two groups ( = 0.367; Figure 2) . Consecutively, the Fas protein levels were compared among the control groups C60, C120, and C240 (Figure 3(a) ), among the groups where apigenin was used AP60, AP120, and AP240 (Figure 3(b) ), and finally, among the groups subjected to the same time of reperfusion, with and without the use of apigenin, that is, C60 versus A60, C120 versus AP120, and C240 versus AP240 (Figure 3(c) ).
As shown in Figure 3 (a), Fas protein levels are increasing with the time of reperfusion and this increase in the C240 group was statistically significant compared to C120 ( = 0.034) and C60 groups ( = 0.09). In groups where apigenin was administrated after the removal of ischemia, a reduction of protein levels was marked 60 min after reperfusion, that is, in AP120 and AP240 groups compared to AP60 group, but the reduction was not significant ( = 0.115 for AP120 and = 0.748 for AP240). At the end, as shown in Figure 3(c) , the reduction of Fas protein levels was statistically significant concerning the group where apigenin was administrated and reperfusion lasted 240 minutes ( = 0.001). In the remaining groups, although a reduction of Fas levels was noticed, this was not significant ( = 0.197 for groups C60-AP60 and = 0.0241 for groups C120-AP120).
Exactly the same procedure was followed regarding the FasL protein levels (Figure 4 ). In the control groups, the levels of FasL protein were increased significantly in C240 group when it was compared to C120. The same was not valid for the rest of the groups. In Figure 4 (b), groups with apigenin administration are compared. Although a reduction of FasL levels was noticed 120 and 240 minutes after reperfusion, this reduction was not statistically significant. Completing the comparisons among C60-AP60, C120-AP120, and C240-AP240, a reduction of FasL levels, even not statistically significant, was observed only in the group of apigenin after 240 minutes of reperfusion (Figure 4(c) ).
When the TUNEL assay was performed, statistically significant higher values in controls compared to the apigenin group were observed ( = 0.048 at 120 min and = 0.008 at 240 min) ( Figure 5(a) ). Then, caspase 3 levels were evaluated, and similar results were produced, that is, lower levels of caspase 3 in all apigenin groups compared to the control groups. The difference was also found statistically significant in AP120 and AP240 groups ( = 0.032 at 120 min and = 0.022 at 240 min; Figure 5 (b)).
Discussion
A period of ischemia is required for a number of surgical procedures on the liver, especially when dealing with extensive hepatic trauma or resecting large intrahepatic lesions [18, 19] . On restoring the blood supply, the liver is subjected to a further impact, aggravating the injury already caused by ischemia. This is termed ischemia-reperfusion injury, and in the field of hepatic transplantation, it is responsible for graft function and even viability [20] . The pathophysiology of hepatic ischemia-reperfusion includes a number of mechanisms that contribute to various degrees in the overall injury [2] . Hepatic cell death occurs due to both necrosis and apoptosis [21] . These two modes of cell death seem to coexist in liver pathology as interdependent phenomena resulting from activation of shared pathways and signals [22] . In some cases, it is the type of stimuli and/or the degree of stimuli that determines if cells die by apoptosis or necrosis [23] .
The mechanisms of apoptosis are highly complex, involving an energy dependent cascade of molecular events. These two are the main apoptotic pathways: the intrinsic or mitochondrial and the extrinsic or death receptor pathway [24] . Fas, a transmembrane protein that belongs to the tumor necrosis factor superfamily, is included in the death receptors of importance in liver. Hepatocytes, cholangiocytes, [25] .
The aim of this experimental study was to investigate the role of apigenin in the Fas/FasL mediated pathway of apoptosis, in an experimental model of hepatic ischemiareperfusion in rats. The presence of apoptosis was confirmed by terminal deoxynucleotidyl transferase-dUTP nick end labelling (TUNEL) assay and by using caspase 3 antibodies.
Apigenin, known for its antioxidant, anti-inflammatory, and anticancer properties, was used intraperitoneally, since intraperitoneal administration obtains better absorption. Apigenin was dissolved in DMSO solvent and was administered after reperfusion. The security of the solvent was demonstrated by the comparison of Fas and FasL levels between the control groups C and the DMSO groups, where pure solvent was used. The difference was not statistically significant, so DMSO did not affect the results.
In this experimental study, the expression of the transmembrane protein Fas was increasing with reperfusion duration. This expression was statistically significant 240 minutes after reperfusion. The same result was observed on the expression of the Fas ligand protein. The degree of the reperfusion injury, that is, apoptotic death in hepatic parenchyma, started to be obvious two hours after reperfusion and the difference became significant four hours after reperfusion. This demonstrates an increase of apoptotic procedure, which confirms the aggravation of cell injury after reperfusion in cells subjected to ischemia.
Regarding the effect of apigenin on the expression of Fas receptor, a reduction of protein levels was noticed in all groups where the substance was administered, when control groups were compared to respective apigenin groups. The reduction was statistically significant in AP240 group, indicating a possible protective effect of apigenin in case of hepatic ischemia-reperfusion after the first two hours of blood restoration. A reduction was marked for the Fas ligand protein but it was not statistically significant. At the end, although the higher concentration of Fas and FasL protein was noticed in the AP60 group, compared to AP120 and AP240, the results were not statistically significant.
Even if Fas receptor is included in the major mediators of apoptotic pathways in liver, regulation of Fas/FasL levels alone does not determine apoptosis but could only represent an indirect proof of apoptosis inhibition. Apoptosis is directly determined in this experiment by TUNEL method and caspase 3 levels. Both methods confirmed the inhibiting effect of apigenin on apoptosis in groups of 120 and 240 minutes of reperfusion.
Conclusions
The effects of apigenin in Fas/FasL mediated pathway of apoptosis in the experimental model of hepatic-reperfusion in rats seem to be encouraging. Specifically the expression of Fas gene in hepatocytes was increased during reperfusion and especially four hours after. Exactly at the same time, apigenin reduced the concentration of Fas receptor. Further studies on apigenin effects in hepatic ischemia-reperfusion may prove to be of great importance in liver surgery. 
